Quinacrine's ability to reduce levels of pathogenic prion protein (PrP Sc ) in mouse cells infected with experimentally adapted prions led to several unsuccessful clinical studies in patients with prion diseases, a 10-y investment to understand its mechanism of action, and the production of related compounds with expectations of greater efficacy. We show here, in stark contrast to this reported inhibitory effect, that quinacrine enhances deer and elk PrP Sc accumulation and promotes propagation of prions causing chronic wasting disease (CWD), a fatal, transmissible, neurodegenerative disorder of cervids of uncertain zoonotic potential. Surprisingly, despite increased prion titers in quinacrine-treated cells, transmission of the resulting prions produced prolonged incubation times and altered PrP Sc deposition patterns in the brains of diseased transgenic mice. This unexpected outcome is consistent with quinacrine affecting the intrinsic properties of the CWD prion. Accordingly, quinacrine-treated CWD prions were comprised of an altered PrP Sc conformation. Our findings provide convincing evidence for drug-induced conformational mutation of prions without the prerequisite of generating drug-resistant variants of the original strain. More specifically, they show that a drug capable of restraining prions in one species/strain setting, and consequently used to treat human prion diseases, improves replicative ability in another and therefore force reconsideration of current strategies to screen antiprion compounds.
Quinacrine's ability to reduce levels of pathogenic prion protein (PrP Sc ) in mouse cells infected with experimentally adapted prions led to several unsuccessful clinical studies in patients with prion diseases, a 10-y investment to understand its mechanism of action, and the production of related compounds with expectations of greater efficacy. We show here, in stark contrast to this reported inhibitory effect, that quinacrine enhances deer and elk PrP Sc accumulation and promotes propagation of prions causing chronic wasting disease (CWD), a fatal, transmissible, neurodegenerative disorder of cervids of uncertain zoonotic potential. Surprisingly, despite increased prion titers in quinacrine-treated cells, transmission of the resulting prions produced prolonged incubation times and altered PrP Sc deposition patterns in the brains of diseased transgenic mice. This unexpected outcome is consistent with quinacrine affecting the intrinsic properties of the CWD prion. Accordingly, quinacrine-treated CWD prions were comprised of an altered PrP Sc conformation. Our findings provide convincing evidence for drug-induced conformational mutation of prions without the prerequisite of generating drug-resistant variants of the original strain. More specifically, they show that a drug capable of restraining prions in one species/strain setting, and consequently used to treat human prion diseases, improves replicative ability in another and therefore force reconsideration of current strategies to screen antiprion compounds.
prion therapeutics | prion enhancing drugs P rions are protein-based infectious agents that cause an increasing variety of fatal, infectious neurodegenerative disorders, frequently as epidemics. Variant Creutzfeldt-Jakob disease (CJD) resulting from bovine spongiform encephalopathy exemplifies prion zoonosis, and the continued, unpredictable emergence of additional epidemics in other species, particularly chronic wasting disease (CWD) in deer, elk, and moose, raises additional concerns. Its unprecedented contagious spread, widening host range, and conflicting evidence surrounding its zoonotic potential place CWD at the forefront of public health concerns. Although the notion, that prion replication occurs by corruption of host-encoded cellular prion protein (PrP C ) by abnormally conformed PrP Sc , is now widely accepted, the details of this mechanism remain enigmatic.
Except under certain experimental conditions, treatments capable of arresting or of effectively modifying the course of disease do not exist for prion disorders. Compounds targeting prevention of PrP misfolding have been aggressively pursued as therapeutics. Cells chronically infected with rodent prions are used as a means either to screen compounds inhibiting PrP Sc accumulation (1) (2) (3) (4) (5) or to confirm the proposed antiprion effects of compounds discovered by other means (6, 7) . Such strategies rest on the assumption that compounds with efficacy against experimentally adapted rodent prions will be effective against naturally occurring prions, in particular those causing human diseases. Exemplifying this approach, quinacrine, a compound that has been repeatedly shown to reduced PrP Sc levels in rodent cells chronically infected with experimentally adapted mouse prions (8, 9) , was used to treat patients with human prion diseases in several settings (10-15), albeit unsuccessfully.
Our development of cultured cells in which CWD infection is stably and indefinitely maintained (16) provided a unique and convenient means of exploring CWD therapeutics. Our first approach was to assess the efficacy of compounds with known effects on rodent prions. Consistent with its effect on mouse prion infectivity, sustained treatment of Elk21 + cells with dextran sulfate 500 (DS-500) resulted in PrP Sc clearance, which did not reemerge in the resulting Elk21 − cells after more than 40 passages, and inoculation of susceptible transgenic (Tg) mice showed that Elk21 − cells were cured of CWD prion infection (16) . The present study was initially designed to assess the effects of quinacrine on CWD. We found that, far from inhibiting PrP Sc accumulation and curing infection, quinacrine augmented PrP Sc levels and stimulated CWD prion replication in cells expressing elk or deer PrP. We performed additional studies to address the properties of quinacrine-enhanced CWD prions.
Results
We confirmed previous observations (8, 9, (17) (18) (19) (20) (21) ) that treatment of ScN2A or SMB cells chronically infected with rodent prions with 1 μM quinacrine for 6 d resulted in 5-to 14-fold reductions of PrP Sc depending on cell type (n = 3 independent comparisons, P ≤ 0.05 in both cases) ( Fig. 1 A and C) . Surprisingly, when Elk21
+ cells chronically infected with CWD prions (16) were treated with the same amount of quinacrine for the same time, PrP Sc levels, assessed by Western blotting, increased by more than twofold compared with untreated Elk21 + (n = 11 comparisons, P ≤ 0.05) ( Fig. 1 A and C) . To address whether these effects were cell-specific, we produced RK13 cells expressing mouse PrP C persistently infected with mouse RML prions, referred to as RKM + . Treatment of RKM + with 1 μM quinacrine for 6 d reduced mouse PrP Sc levels more than threefold (n = 3 comparisons, P ≤ 0.05) ( Fig. 1 A and C) . We also produced
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RK13 cells stably expressing deer
We previously developed a cell-based assay for quantifying CWD prions with sensitivity comparable with the CWD bioassay in susceptible Tg mice (16) . We used this cervid prioncell assay (CPCA) to compare levels of CWD prions in Elk21 + with quinacrine-treated cells. Untreated Elk21 + accumulated 1.38 × 10 6 CPCA units/g whereas treatment with 1 μM quinacrine for 60 d resulted in a greater than 13-fold increase of 1.86 × 10 7 CPCA units/g (Fig. 1D) .
Treatment of Elk21 + with various quinacrine concentrations for 6 d produced a dose-dependent increase in the number of CWD-infected cells compared with untreated cells, when equivalent cell numbers were applied to enzyme-linked immunosorbent spot (ELISpot) plates. A maximal fourfold increase occurred at 1.2 μM (P ≤ 0.0001) ( Fig. 2A) . We also observed an ∼60% increase in the number of CWD-infected RKD + after eight passages in the presence of 1 μM quinacrine (n = 4 comparisons, P ≤ 0.0001) ( Fig. 2A) . In accordance with previous reports describing cytotoxicity or inhibition of cell growth of N2a-derived and SMB cells at drug concentrations ranging from 1.0 μM to ≥2.0 μM (8, 17), we observed lower numbers of adherent cells and significant reductions in cell viability when Elk21 + were treated with quinacrine concentrations of 2 μM and higher (Fig. 2B ). During protein-misfolding cyclic amplification (PMCA), quinacrine failed to enhance or inhibit elk PrP Sc amplification at these, or higher, drug concentrations (Fig. 2C) .
To address whether the enhancing effects of quinacrine on PrP Sc were permanent, we treated Elk21 + continuously for up to 10 passages and compared PrP Sc levels in untreated, continuously treated, and cells maintained for a further five passages after withdrawal of drug. Although PrP Sc levels in quinacrinetreated Elk21
+ gradually increased compared with untreated cells, after withdrawal of drug, PrP Sc returned to original levels within five passages, regardless of the duration of quinacrine treatment (Fig. 3) .
We compared the conformational stability of PrP Sc produced in Elk21
+ exposed to 1 μM quinacrine for 6 d, with that of PrP Sc produced in untreated cells. To do so, we established a sensitive, quantitative cell-based conformational stability assay (CSA), referred to as C-CSA, where numbers of PrP Sc -producing cells were assessed by ELISpot analysis following exposure to various concentrations of guanidinium hydrochloride (GdnHCl). The C-CSA denaturation curves of PrP Sc from untreated and quinacrine-treated Elk21
+ were reproducibly different. The 2.58-M concentration of GdnHCl at the midpoint of the sigmoidal transition (GdnHCl 1/2 ) for quinacrine-treated Elk21
+ was 13% higher than the 2.29-M value of untreated Elk21 + (n = 16 replicates, P ≤ 0.0001) (Fig. 4A) . We confirmed the differences in conformational stabilities of PrP Sc produced in the presence and absence of 1 μM quinacrine, by adapting standard procedures used to assess the conformational stabilities of PrP Sc in infected brains (23) to our cell-culture system. When we treated cell extracts with increasing GdnHCl concentrations and compared conformational stabilities following proteinase K (PK) treatment of materials applied to PVDF membranes, according to previously published approaches Error bars refer to standard errors of the mean (SEM). ns, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. (24, 25) , the 1.57-M GdnHCl 1/2 of PrP Sc isolated from quinacrinetreated Elk21
+ reflected a significantly greater conformational stability than the 0.94-M GdnHCl 1/2 of PrP Sc from untreated Elk21 + (n = 8 replicates, P ≤ 0.0001) (Fig. 4B ). We also performed C-CSA on quinacrine-treated and untreated RKD (Fig. 4A ). We refer to prions formed from the more stable quinacrinetreated conformers as Q-CWD.
The mean 172 ± 2 d (± SEM) time to disease onset in Tg (ElkPrP)5037 +/− mice inoculated with Q-CWD prions from quinacrine-treated Elk21 + was 54% longer than the 112 ± 1 d mean time to disease onset in mice receiving prions from untreated Elk21 + (P ≤ 0.001) (Fig. 4C) . Similarly, mean incubation times were 27% longer in Tg(DeerPrP)1536 +/− mice inoculated with elk Q-CWD prions (403 ± 12 d compared with 318 ± 10 d, P ≤ 0.001) (Fig. 4C ). Immunohistochemical and histoblot analyses revealed reproducibly distinct differences in PrP Sc distribution, particularly in the cerebellum of mice receiving elk Q-CWD or elk CWD prions (Fig. 5) . Although PrP Sc -containing plaques in the granular layer of the cerebellum were observed in Tg (ElkPrP)5037 +/− mice receiving Elk21 + extracts that had not been exposed to quinacrine, this feature was not reproduced in Q-CWD-infected Tg(ElkPrP)5037 +/− mice. In contrast, although elk Q-CWD prions produced relatively large PrP Sc -containing plaques in the molecular layer of the cerebellum in diseased Tg(DeerPrP)1536 +/− mice, the same sections of diseased Tg (DeerPrP)1536 +/− mice inoculated with untreated Elk21 + extracts contained only occasional deposits in these areas, but relatively intense PrP Sc staining in the medulla. To determine whether quinacrine affected disease outcome when directly administered to CWD-infected mice, Tg(ElkPrP) 5037 +/− mice were orally dosed with 30 mg/kg quinacrine per day, 2 wk before inoculation with elk CWD prions. Animals continued to receive quinacrine daily until manifesting terminal signs of prion disease. Quinacrine-treated mice developed disease with a mean onset of 153 ± 3 d, which was similar to the 150 ± 2 d incubation time in Tg(ElkPrP)5037 +/− mice that did not receive drug (Fig. 4D) . Levels and distribution of PrP Sc in the brains of diseased mice from both groups were indistinguishable.
Patterns of deposition in
+ , but distinct from Tg(ElkPrP)5037
mice infected with Q-CWD prions (Fig. 5) .
Discussion
In stark contrast to its well-documented inhibitory effects on PrP Sc accumulation in cells chronically infected with experimentally adapted rodent prions (8, 9, (17) (18) (19) (20) (21) , the same range of quinacrine concentrations increased elk and deer PrP Sc accumulation in cells persistently infected with CWD prions. This paradoxical dose-and time-dependent enhancement was associated with a greater than order of magnitude increase in CWD prion titers in drug-treated Elk21
+ . Even though the enhancing effects of 2 μM quinacrine on the number of CWD-infected Elk21 + cells are extremely (P ≤ 0.0001) significant ( Fig. 2A) , we speculate that the decreases at this and higher concentrations may correspond to detrimental effects of the drug on cell viability.
Although quinacrine is reported to inhibit PMCA of mouse PrP Sc (17) , it failed to increase levels of CWD PrP Sc during PMCA. Augmentation of PrP Sc in cells, but not during cell-free amplification, suggests that quinacrine-enhanced CWD propagation depends on processes linked to cellular integrity. The contradictory effects of quinacrine on mouse and CWD prions seem unrelated to effects specific to RK13 cells because we show that quinacrine reduces mouse PrP Sc in RK13 cells expressing mouse PrP C infected with RML prions, while improving CWD replication in RK13 cells expressing either elk or deer PrP C . The failure of long-term quinacrine treatment to affect disease outcome in CWD-infected Tg(ElkPrP)5037 +/− mice is consistent with previous results showing a similar lack of effect of quinacrine on mouse prions in vivo (17, 27, 28) .
Previous studies showed that quinacrine destabilized detergentresistant membrane domains by redistributing cholesterol, leading to down-regulation of PrP in this compartment (20) . Whether quinacrine differentially affects the cellular localization of distinct PrP primary structures remains to be determined. Quinacrine has been shown to bind nonspecifically to stabilize the PrP C conformation (29) . Consistent with PrP C stabilization, additional studies indicated that quinacrine confers a structural modification that prevents recombinant PrP oligomerization (30) . However, other studies indicate that quinacrine binds to specific residues in the C terminus of recombinant human PrP (31), most prominently tyrosines at residues 225 and 226 and glutamine at 227. Whether the variable effects of quinacrine on mouse and cervid prion propagation result from its differential binding to speciesspecific PrP primary structures or particular PrP conformations is unclear, but it is worth noting that, whereas human and cervid PrP encode glutamine at residue 227, aspartate occurs at this location in mouse PrP.
The second important aspect of our studies is that quinacrine altered the transmission properties of CWD prions, as well as the biochemical characteristics of the constitutive PrP Sc . Despite accumulating significantly higher prion titers, Q-CWD prions from Elk21
+ cells produced prolonged incubation times in Tg (DeerPrP)1536 +/− and Tg(ElkPrP)5037 +/− mice compared with CWD from untreated Elk21 + cells. Because kinetics of disease onset in prion-infected animals is inversely related to the titer of a given prion strain, this unusual outcome is consistent with quinacrine affecting the intrinsic properties of the CWD prion. In accordance with this notion, although the deposition patterns of PrP Sc in the brains of diseased Tg(DeerPrP)1536 +/− and Tg (ElkPrP)5037 +/− mice receiving prions from Elk21 + are concordant with our previously published descriptions following transmissions of naturally occurring or PMCA-generated CWD prions (32) , these distinctive patterns were not recapitulated in either line of Tg mice receiving Q-CWD prions. Prion incubation times and neuronal targeting are the biological criteria by which prion strains are defined. Previous studies showed that strain properties are enciphered within the conformation of PrP Sc (32, 33) and that cervid prion incubation times positively correlate with PrP Sc conformational stability (32) . It is therefore significant that the longer incubation times of Q-CWD prions and altered patterns of PrP Sc deposition in both Tg models were associated with an increase in the relative stability of PrP Sc conformers constituting Q-CWD prions.
The properties of Q-CWD prions described here provide convincing evidence for conformational mutation that was suggested, but could not be observed, in previous studies of mouseadapted scrapie prions in cell cultures treated with swainsonine, an inhibitor of Golgi α-mannosidase II (34) . Because the swainsonine-induced properties of cell-derived mouse prions reverted to their original characteristics when propagated in vivo, and there were no detectable differences in the conformations of PrP Sc generated under conditions of swainsonine treatment compared with untreated cells, claims of strain mutation were indirectly based on the differing properties of prions from swainsonine treated and untreated cells using a cell-panel assay. In contrast, we show that CWD and Q-CWD prions are comprised of distinct PrP Sc conformers that produce discernable phenotypes in two lines of Tg mice.
Apart from limited investigations in infected cell cultures (35), conformational stability analyses are generally conducted on PrP Sc produced in infected brains. This constraint relates, in large part, to relatively low PrP Sc levels in infected cell cultures and a paucity of sensitive cell-based analytical approaches. We devised the C-CSA to circumvent these drawbacks. C-CSA provides the advantage of direct in situ detection of PrP Sc without isolation or purification and is a quantitative, sensitive, and accurate means of discerning the unfolding characteristics of PrP . Because Elk21 + and RKD + propagate CWD prions from the same source (elk CWD isolate 012-09442), we hypothesize that these differences in conformational stability result from the effects of residue 226 (glutamate in elk PrP and glutamine in deer PrP), the sole primary structural difference between elk and deer PrP. Although each method used to ascertain conformational stability, including Western blots of brain material, dot blots of PrP Sc extracted from cultured cells, and C-CSA, produces different GdnHCl 1/2 values, the effects of both quinacrine treatment and species-specific primary structural differences on deer and elk PrP Sc are internally consistent from assay to assay.
Because it inhibited mouse prion propagation in ScN2a cells and traversed the blood-brain barrier, quinacrine was considered to be of promise for treating human prion diseases (36), and several subsequent clinical studies invested considerable efforts to assess its effects in patients. Tragically, in no case did treatment provide discernible benefits (10) (11) (12) (13) (14) (15) . Possibly related to this failure, studies in mice lacking the multiple drug resistant gene inoculated with RML prions and orally dosed with quinacrine resulted in selection and propagation of quinacrineresistant prions (28) . Similarly, IND24, although effective at prolonging the lifespan of RML-infected mice, also produced drug-resistant prions but had no effect in CJD-infected Tg mice (37) . Our findings are distinct from such cases because they show that a compound with demonstrated, albeit transient, efficacy against a strain in one species acts to directly enhance prion replication in a different species and produce prions with altered biological properties without the prerequisite of generating drugresistant variants of the original strain. Several practical repercussions arise from quinacrine's prionenhancing and mutagenic effects. First, the effects of "antiprion" compounds are clearly species/strain-dependent, in that drugs found to restrain prions in one situation may improve replicative ability in another. Based on initial reports of quinacrine's effects on mouse prion propagation in cell culture, a plethora of studies were designed to discern the mechanism of its presumed antiprion effects (19, 20, (29) (30) (31) (38) (39) (40) (41) (42) (43) (44) (45) , to assess its pharmacokinetics (21, 36, 42, 46) and to derive similar compounds with improved antiprion efficacy (18, 20, (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) . These studies continue to this day, despite multiple failed clinical studies in patients with human prion diseases (10) (11) (12) (13) (14) (15) . The findings reported here force a reconsideration of current strategies to screen antiprion drugs. In particular, it seems imperative that cells with susceptibilities to cervid, ovine, bovine, and human prions be used to identify drugs capable of treating prions affecting those species. To date, no such resources have been reported for human prions, and the reasons for this drawback remain enigmatic, given the relatively facile production of cell lines with susceptibilities to ovine, murine, bank vole, and cervid prions.
Second, to the best of our knowledge, the effect of quinacrine on CWD represents the first reported example of a drug capable of facilitating cellular prion replication. On a positive note, our results raise the possibility of using prion-enhancing compounds, in addition to previously described effects of retroviral GAG expression on cellular prion susceptibility (16) , as a strategy to heighten the vulnerability of otherwise resistant cell cultures to novel prion infections: for example, to improve cellular susceptibility to human prions.
Materials and Methods
Cell Culture. SMB and ScN2a cells were cultured in DMEM containing 10% (vol/vol) FBS and 1 μg/mL penicillin/100 U/mL streptomycin. Rabbit kidney epithelial (RK13) cells were obtained from the American Type Culture Collection (Cat. no. CCL-37; ATCC). Mouse, deer, and elk PrP coding sequences were cloned into pIRESpuro3 vector. HIV-1 GAG precursor protein coding sequence was cloned into pcDNA3.1-neomycin or pcDNA3.1-hygromycin. RKD + expressing deer PrP and HIV-1 GAG were cultured in the presence of 1 μg/mL puromycin and 250 μg/mL hygromycin; Elk21 + were cultured in the presence of puromycin and 1 mg/mL G418; RKM + were cultured in the presence of puromycin. RK13 cells stably transfected with pIRESpuro3 vector, referred to as RKV, were used as negative controls for prion infections. Cells were passaged at a ratio of 1:10 every 5 d. Quinacrine (Sigma-Aldrich) was dissolved in PBS and filtered with a 0.22-μm filter. Cell culture medium was replaced every other day.
Cell Viability. A 12-mM solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Life Technologies) was prepared in PBS. Cell viability was assessed as described previously (60) . Cell numbers were assessed with a TC20 Automated Cell Counter (Bio-Rad).
Western Blotting. Western blotting was performed and analyzed as previously described (24) .
Protein Misfolding Cyclic Amplification. PMCA reactions were performed as described previously (32) at a seed to substrate ratio of 1:4,000, digested with PK at a final concentration of 0.33 μg/μL, and analyzed by Western blotting using anti-PrP mAb 6H4 (Prionics AG) or PRC5 (61).
Cervid Prion Cell Assay. The CPCA using Elk21 − cells was performed as previously described (16) , with the following modifications. Images were scanned with CTL Immunospot S6UNIV equipment, and spot numbers were determined using Immunospot 5.0 Analysis and 5.1 Counting software (Cellular Technology).
Cell-Based Conformational Stability Assay. Twenty thousand cells were filtered onto ELISpot plates (EMD Millipore) and air-dried at 50°C for 2 h. Cells were denatured with 100 μL of GdnHCl at concentrations ranging from 0 to 3.5 M in 0.25-M increments. Following removal of denaturant, plates were washed twice with PBS, followed by a 5 μg/mL PK digestion for 90 min at 37°C, and then denaturation in guanidinium thiocyanate. PrP Sc -producing cells were detected as described for the CPCA (16), except that a semiautomated approach was used, in which the operator manually adjusted software sensitivity to optimize detection of infected cells at each GdnHCl concentration. Spot numbers were plotted against the concentration of applied guanidine hydrochloride using Prism 6.0d for Mac OS X (GraphPad Software). Datasets were normalized to a common scale, and the sigmoidal dose-response was best fitted by a variable-slope four-parameter algorithm and nonlinear leastsquares fit using Prism 6.0d for Mac OS X, with maxima and minima constrained. Results are presented as fractions of the apparent spot counts (F app ). Statistical differences between curves deriving from the various GdnHCl treatment series were assessed and reported as differences between the concentrations of GdnHCl at the midpoint of the sigmoidal transitions.
Conformational Stability Assay of PrP
Sc from Cell Extracts. Cell extracts from quinacrine-treated and untreated Elk21 + cells containing 50 μg and 150 μg of total protein, respectively, were incubated with various concentrations of GdnHCl for 1 h at room temperature as previously described for brain samples (24) except membranes were treated with 1 μg/mL PK, and membranes were blocked with Odyssey Blocking Buffer (LI-COR Biosciences) for 1 h, probed with mAb 6H4 overnight at 4°C, followed by IRDye 800 CW goat anti-Mouse IgG secondary antibody (LI-COR Biosciences) for 1 h. After three washes with Tris-buffered (pH 7.6) saline and 0.05% Tween 20, the membrane was rinsed with PBS and scanned with the Odyssey CLx infrared imaging system (LI-COR Biosciences), and signals were analyzed with Odyssey CLx Image Studio software (LI-COR Biosciences).
Preparation of Brain and Cell Homogenates. Preparation of brain and cell homogenates was performed as previously described (24) .
In Vivo Studies. Tg(DeerPrP)1536 +/− and Tg(ElkPrP)5037 +/− mice have been described previously (22, 62) . Tg(ElkPrP)5037 +/− mice were orally dosed with quinacrine (30 mg·kg −1 ·d −1 ) by gavage, 2 wk before intracerebral inoculation with elk CWD prions. Animals continued to receive quinacrine daily until manifesting terminal signs of prion disease. Ten percent brain or cell homogenates in PBS lacking calcium and magnesium ions were diluted a further 10-fold before inoculation. Incubation time assays were performed as described (24) . Following diagnosis, animals were euthanized by CO 2 asphyxiation. All work with animals was performed in compliance with University of Kentucky and Colorado State University Institutional Animal Care and Use Committees.
Histoblotting. Histoblots were produced and analyzed according to previously described protocols (32) . Images were captured with a NikonDMX 1200F digital camera and analyzed using MetaMorph imaging software (Molecular Devices).
Immunohistochemistry. Immunohistochemistry was performed as previously described (32) using mAb 6H4 as primary antibody and IgG1 biotinylated goat anti-mouse as secondary antibody (SouthernBiotech). Digitized images were obtained by light microscopy using a Nikon Eclipse E600 microscope equipped with a Nikon DMX 1200F digital camera.
